1-Amino-3-nitroguanidine (ANQ, 2) was synthesized via hydrazinolysis of nitroguanidine (1). An appropriate Lewis structure of ANQ is drawn based on VB calculations. Due to its basicity, it can be protonated by strong mineral acids or acidic heterocycles. In order to synthesize new energetic materials the nitrate (3) and perchlorate (4) salts of 1-amino-3-nitroguanidine were synthesized by protonation of 2 with 40 % nitric acid and 60 % perchloric acid, respectively. 5-Nitrimino-1,4H-tetrazole obtained by reacting 5-amino-1H-tetrazole with 100 % HNO 3 was used to synthesize the nitriminotetrazolate salt 5. Furthermore, the dinitramide salt 6 of 1-amino-3-nitroguanidine was synthesized by metathesis reaction of silver dinitramide and 1-amino-3-nitroguanidinium chloride. The dinitroguanidinate salt 7 was synthesized by protonation of 2 with 1,3-dinitroguanidine, which was prepared from nitroguanidine in anhydrous nitric acid/N 2 O 5 . All compounds were fully characterized by singlecrystal X-ray diffraction, vibrational spectroscopy (IR and Raman), multinuclear NMR spectroscopy, mass spectrometry, elemental analysis, and DSC measurements. The heats of formation of 2 -7 were calculated using the atomization method based on CBS-4M enthalpies. With these values and the experimental (X-ray) densities several detonation parameters such as the detonation pressure, velocity, energy, and temperature were computed using the EXPLO5 code. In addition, the sensitivities towards impact, friction and electrical discharge were tested using the BAM drophammer, friction tester as well as a small-scale electrical discharge device. A Koenen test with 1-amino-3-nitroguanidinium nitrate (3) was carried out in order to evaluate its explosive performance and shipping classification.
Introduction
The guanidine building block is one of the first structural moieties that has been known to the chemical and biological community and was discovered as early as 1866, when the first guanidine derivative was prepared by Hofmann [1] . Since then, guanidine chemistry has evolved into an extremely wide ranging field of applications starting from bioorganic chemistry and biochemistry [2] to inorganic chemistry, which most importantly can be traced back to a vast variability of derivatization of the guanidine moiety itself. If focusing on the field of inorganic chemistry, principally amination and nitration products of guanidine and the guanidinium cation are of major interest. Whereas the full series of amination products of the guanidinium cation (amino-, diaminoand triaminoguanidinium cation) is known [3] , only mononitro- [4] and dinitroguanidine [5] as the respective nitration analogs have been discovered. On the one hand, amination of one of the amino groups in the guanidine moiety is achieved in a hydrazinolysis reaction, which can be applied up to three times leading to triaminoguanidine [3] . On the other hand, nitration is performed by treating guanidinium nitrate with conc. sulfuric acid. Nitroguanidine (1) , HN = C(NH 2 )NHNO 2 , was first prepared in larger quantities by Jousselin [4] using the aforementioned synthetic pathway, when the compound separated upon dilution with water. However, for the preparation of dinitroguanidine, harsher conditions using N 2 O 5 as nitration reagent are required [5] . (Mono)nitroguanidine is used principally as an ingredient in explosive and propellant formulations [6] . In this work, we mainly focus on a mixed amination/nitration product, which is aminonitroguanidine (2) and ionic materials, which utilize the aminonitroguanidinium cation as the respective protonated species. To date, only very little correspondence on aminonitroguanidine [7 -9] , especially if it comes to its structural investigation, is found in the literature. The next step in the preparation of mixed aminonitroguanidines could be the synthesis of diaminonitroguanidine (3) , which still is a completely unknown field (Fig. 1) .
To tie in with the application of nitroguanidine as an energetic material, the possible advantage resulting from introducing one further amino group to nitroguanidine is the generation of a larger gas volume when the compound is burned, which mainly is desired if the material is used in propellant systems. Apart from that, we also expect a higher heat of formation, which is a desirable feature if the compound should find application as a high explosive. Since one of the main topics in this work is the preparation of energetic aminonitroguanidinium salts, from the chemical point of view it is necessary to look at the acid base properties of mixed aminonitroguanidines. The introduction of one further amino group to nitroguanidine through a hydrazinolysis reaction has on the one hand the advantage of lowering the pK B value of nitroguanidine so that it can be protonated in aqueous solution and therefore utilized as an energetic cation. However, we found that strong acids are required to protonate it. On the other hand, a second reason which makes 1-amino-3-nitroguanidine a suitable precursor in the synthesis of ionic energetic materials is its higher oxygen content compared to amino-substituted guanidine derivatives such as aminoguanidine or triaminoguanidine. It therefore combines the advantages of ease of protonation of the amino-substituted guanidine derivatives and good oxygen balances and high densities of the nitro-substituted guanidine derivatives. Here we report on the synthesis and characterization of energetic salts of 1-amino-3-nitroguanidine such as the nitrate (3), the perchlorate (4), the nitriminotetrazolate (5), the dinitramide (6) , and the dinitroguanidinate (7).
Results and Discussion

Synthesis
Aminonitroguanidine (2) was synthesized in aqueous solution employing a hydrazinolysis reaction of commercially available nitroguanidine (1), whereas it is important to control the temperature accurately (Scheme 1) [7] . The product itself shows fairly poor solubility in water and therefore can be recrystallized from hot water.
Considering that the yield is only 45 %, there still is the question about the remaining starting material. Henry, Lewis and Smith [8] , when reinvestigating the hydrazinolysis of nitroguanidine found two by-products of the reaction to be aminoguanidine and diaminoguanidine. Assuming an addition-elimination mechanism, nitroguanidine reacts with hydrazine to form an intermediate containing a tetrasubstituted carbon atom (A), which under the elimination of ammonia converts into 2. However, the elimination of nitramine (which decomposes to N 2 O and H 2 O) leads to aminoguanidine B. The formation of diaminoguanidine as the second by-product can be explained by a further reaction of 2 with an additional equivalent of hydrazine to form species C, which under the elimination of nitramine forms diaminoguanidine D (Scheme 2) [10] . These findings are also corroborated by an experiment using a larger excess of hydrazine hydrate (2.2 eq.) in order to form diaminonitroguanidine, which only resulted in the isolation of 2 in minor yields (23 %) .
For the synthesis of the ionic compounds, ANQ can be protonated by strong mineral acids such as hydrochloric acid, nitric acid and perchloric acid in excess at elevated temperatures (60 • C). During the syn- thesis and crystallization of the nitrate (3) and the perchlorate (4) salt it is necessary to use acids of concentrations not lower than 40 % to avoid the precipitation of the poorly water soluble unprotonated ANQ. Once ANQ is dissolved in the corresponding acid, the nitrate or perchlorate salt will crystallize from the aqueous solution in large colorless blocks. Also the acidity of 5-nitriminotetrazole [11] is high enough to protonate aminonitroguanidine. The experiment was carried out under the same conditions using the sister compounds 1-methyl-5-nitriminotetrazole [11] and 2-methyl-5-nitriminotetrazole [11] . Both compounds failed to react, so that only aminonitroguanidine and the free acids could be isolated afterwards. The acidity of 5-nitriminotetrazole drops by adding an alkyl side chain to the heterocycle in such a way, that it is not sufficiently acidic any more to protonate aminonitroguanidine in aqueous solutions. For the preparation of the dinitramide a metathesis reaction using silver dinitramide [12] and the aminonitroguanidine hydrochloride salt is necessary. Aminonitroguanidinium chloride was synthesized by simple protonation of the ANQ unit with half-concentrated hydrochloric acid (20 % w/v).
The silver dinitramide was prepared according to the literature [12] as acetonitrile adduct, dissolved in very little acetonitrile and then added to an aqueous solution of aminonitroguanidinium chloride. To avoid the inclusion of one equivalent of silver coordinated to aminonitroguanidine, both, the hydrochloride and the silver dinitramide were reacted in equimolar amounts, whereas the silver dinitramide, dissolved in acetonitrile, was added dropwise to the solution of the hydrochloride in water. To ensure the completeness of the reaction, the mixture was further heated to 35 • C for 2 h under the exclusion of light resulting in the formation of 6 before being filtered off. From a facile Brønsted acid base reaction of an aqueous solution of 2 with an aqueous solution of dinitroguanidine the ionic product 7 could be isolated. It crystallizes directly from the reaction mixture with two and a half molecules of water per molecular unit. Dinitroguanidine was synthesized according to literature [5] . Interestingly, the exchange of one amino group in 2 by a nitro group lowers the pK a value of the compound by a step which is just large enough to protonate 2 in aqueous solution. All reaction pathways are gathered in Scheme 3.
Single-crystal X-ray structure analyses
Experimental details
The low temperature (173 K) determination of the crystal structures of 2 -7 was performed on an Oxford Xcalibur3 diffractometer with a Spellman generator (voltage 50 kV, current 40 mA) and a KappaCCD detector with a wavelength of 0.71073Å. The data collection and reduction was carried out using the CRYSAL-ISPRO software [13] . The structures were solved either with SHELXS-97 [14a] or SIR-92 [14b], refined with SHELXL-97 [15] and finally checked using the PLATON [16] software integrated in the WINGX [17] software suite. The non-hydrogen atoms were refined anisotropically, and the hydrogen atoms were located and freely refined. The absorptions were corrected with a Scale3 Abspack multi-scan method. Selected data and parameters of the X-ray determinations are given in Table 1 . Crystallographic data have been deposited with The Cambridge Crystallographic Data Centre [18] .
Structural details
Although compound 2 has been known for a long time, its crystal structure has never been published. Naidu et al. [19] claimed that ANQ belongs to a tetragonal crystal system which could not be confirmed in our study. Suitable single crystals of 2 were obtained from acidic aqueous media (40 % HF in H 2 O). Compound 2 crystallizes in the monoclinic space group P2 1 /c with four molecules in the unit cell. The structure could sufficiently be refined using a merohedral twinning matrix. Fig. 2 represents the asymmetric unit. The bond lengths of neutral 2 and its protonated species 3 -7 are listed in Table 2 . Protonation always takes place at the outer hydrazine nitrogen atom N4, which does not influence the molecular structures (bond lengths and angles). All of the C-N bonds are significantly shorter than C-N single bonds. Except for 2, in all structures investigated in this work the C1-N5 distances are found to have the shortest values within the ANQ moieties. Also both N-N distances (N1-N2 and N3-N5) are between N-N single (1.48Å) and N=N double (1.30Å) bonds.
The relatively high density of 1.72 g cm −3 is a consequence of several strong N-H···N and N-H···O hy- 
6.8301 (9) 7.1184 (5) 7.1838 (6) 9.3828 (6) 7.3698 (4) 7.2535 (6) b,Å 9.4491 (14) 7.1485 (6) 7.7952 (8) 6.4467 (4) 13.7548 (8) 8.4153 (7) c,Å 7.1192 (14) 7.8285 (7) 7.9723 (8) 18.7233 (11) 8.6857 (5) 11.0683 (9) α, deg 90 64.908 (7) 73.897 (9) 90 90 76.326 (7) β , deg 90.000 (5) 65.418 (8) 69.213 (9) 104.242 (7) 95.266 (6) 79.414 (7) γ, deg (13) 317.57 (5) 368.28 (7) 1097.73 (12) 876.75 (9) 610.14(9) drogen bonds. 2 crystallizes in a layer-like structure, in which the layers are formed by the H-bond modes depicted in Fig. 3 . This constitution is observed for all ANQ salts presented in this work and is therefore probably caused by the protonation of nitrogen atom N4. The cations of compound 3 are arranged parallel and are connected by the nitrate anions which follow the direction of the hydrazinium proton H4c (not within the cation's plane). Fig. 4 shows the molecular moiety of compound 3. The perchlorate salt 4 crystallizes triclinically with the highest density (1.98 g cm −3 ) of the investigated compounds (Fig. 5) . The Cl-O bond lengths in the ClO − 4 anion lie between 1.41 and 1.44Å, which is a commonly observed bond length and can also be found in other perchlorate structures [20] .
Single crystals of 5 were obtained from a water/ethanol mixture. Salt 5 holding monodeprotonated 5-nitriminotetrazolate as the counter anion could only be obtained in crystalline form (monoclinic space group P2 1 /c) with the inclusion of two molecules of crystal water (Fig. 6) . The planar structure of the anion, fixed by the intramolecular hydrogen bond N1-H1···O1 (graph set R1,1(6)), is in agreement with several examples published in the literature [21, 22] bearing this anion. The packing is best described by a wave-like arrangement along the c axis.
Amino-nitroguanidinium dinitramide monohydrate (6) crystallizes also in the monoclinic space group P2 1 /c with Z = 4 and a high density of 1.85 g cm −3 . The dinitramide anion participating in several strong hydrogen bonds is significantly twisted (bent angle ∼59.5 • ) (Fig. 7) . Again a wave-like arrangement along the b axis can be detected. The combination of two different nitroguanidinines in compound 7 leads to the inclusion of two and a half crystal water molecules in the crystalline state (Fig. 8) . The compound crystallizes in the triclinic space group P1 with the lowest density of 1.705 g cm −3 observed in this work. The dinitroguanidinate anion follows the structure described for its ammonium salt [23] . In the packing layers are formed by the cations and anions. The parallel layers are exclusively connected by hydrogen bonds involving the crystal water molecules between the layers.
NMR spectroscopy
1 H as well as 13 C and 14 N NMR spectroscopy were applied to identify 1-amino-3-nitroguanidine and its salts. Additionally a 15 N NMR spectrum of 2 was recorded. For better comparison all spectra were measured using [D 6 ]DMSO as solvent, and all chemical shifts are given with respect to TMS ( 1 H, 13 C) and nitromethane ( 14 N/ 15 N). The proton spectrum of the neutral compound 2 reveals 4 singlets corresponding to the protons of the NH and of both NH 2 groups. The signal of the hydrazine NH 2 group appears at 4.64 ppm at highest field. For the two protons of the C-bonded amino group two distinct signals at 8.22 and 7.52 ppm are observed. This indicates hindered rotation around the C-N bond due to partial double bond character. The signal of the NH proton is found at 9.29 ppm and thus at lowest field. The 13 C NMR spectrum shows a clear singlet at 161.5 ppm for the carbon atom, whereas the 14 N NMR spectrum reveals a singlet (line width at half height 17 Hz) at −13 ppm for the nitro group contained. The signals of the other nitrogen atoms are broad and difficult to locate in the 14 N NMR spectrum. However, they are clearly observed in the 15 N{ 1 H} NMR spectrum, which is shown in Fig. 9 . Due to the nuclear Overhauser effect, the three nitrogen atoms having directly bonded protons display negative signals in the high-field region of the spectrum at -276.4, -301.8 and − 327.9 ppm (NH/NH 2 ). In accordance with literature values of other primary nitramines [24] , the signal at − 146.3 ppm is assigned to the remaining nitrogen atom (N-NO 2 ) of the nitramine moiety.
All ionic compounds 3 -7 show two broad singlets in their proton NMR spectra: one between 8.14 and 9.53 ppm for NH and a second between 6.90 and 8.38 ppm for -NH 2 /-NH 3 + . In contrast to compound 2 only one signal is observed for the protons of the C-bonded amino group. In the carbon NMR spectra of compounds 3 -7 one signal at 159.0 to 160.7 ppm can be assigned to the protonated aminonitroguanidine, and an additional signal at 154. 
Sensitivities and thermal stability
The impact sensitivity tests were carried out according to STANAG 4489 [25] modified instruction [26] using a BAM (Bundesanstalt für Materialforschung) drophammer [27] . The friction sensitivity tests were carried out according to STANAG 4487 [28] modified instruction [29] using the BAM friction tester. The classification of the tested compounds results from the "UN Recommendations on the Transport of Dangerous Goods" [30] . Additionally all compounds were tested for their sensitivity towards electrical discharge using the Electric Spark Tester ESD 2010 EN [31] . All sensitivities of compounds 2 -7 were determined by the above described procedures. Expectedly, the perchlorate salt 4 is the most sensitive compound with values of 1 J (IS) and 20 N (FS), which has to be classified as very sensitive. Also the 5-nitriminotetrazolate 5 shows enhanced impact sensitivity (5 J) and friction sensitivity (96 N). The same applies to the friction sensitivity of the dinitramide 6 (40 N). Astonishingly, the impact sensitivity of 6 (10 J) is very similar to that of the nitrate salt 3 (10 J) and the dinitroguanidinate salt 7 (12 J). Regarding the impact sensitivity, the least sensitive compound within the investigated group is the unprotonated aminonitroguanidine itself. Apparently, protonation of the molecule leads to a certain destabilization by lowering the C-N bond order of the hydrazine moiety in aminonitroguanidine. The sensitivities towards electrical discharge are in a range between 0.10 J (6) and 0.50 J (3). These values depend strongly on the crystal size of the corresponding compound. The nitrate salt 3 crystallizes in large blocks, thus its sensitivity towards electrical discharge is comparatively low. The sensitivities as well as the decomposition and dehydration temperatures of all investigated compounds are gathered in Table 3 .
Differential scanning calorimetry (DSC) measurements to determine the melting and decomposition temperatures of 2 -7 (about 1.5 mg of each energetic material) were performed in covered Al containers with a hole in the lid at a nitrogen flow of 20 mL Table 3 . Sensitivities and thermal behavior of compounds 2 -7. per minute on a Linseis PT 10 DSC [32] calibrated by standard pure indium and zinc at a heating rate of 5 • C min −1 . The most temperature-stable of the described energetic materials is the free base ANQ itself. It decomposes in a two step mechanism, which could be due to the loss of an amino group in a first step at 184 • C and then to the decomposition of the remaining nitroguanidine in a second step starting at 200 • C. For the ionic species 3 -7 decomposition temperatures are significantly lower ranging from 108 • C (4, 6) to 136 • C (5). The same arguments as for the sensitivities of the protonated aminonitroguanidine compounds can be applied to their thermal stability, which is the lowering of the C-N bond order resulting in an earlier decomposition. Additionally, the loss of crystal water in compounds 5 -7 can be observed in the DSC curves as endothermic peaks between 66 • C (6) and 79 • C (7).
Heat of formation and detonation parameters
Heats and corresponding energies of formation were calculated with the atomization energy method (Eq. 1) using CBS-4M electronic energies (Table 4) . Values obtained by this method have been shown to be suitable in several recently published studies [23] . Table 5 . Solid state energies of formation (∆ f U • ) of compounds 2 -7. CBS-4M energies of the atoms (C,H,N,O), ANQ, the ANQ + cation, and the anions were calculated with the GAUSSIAN09 (revision A1) software package [33] and checked for imaginary frequencies. Values for ∆ f H • (atoms) were taken from the NIST database [34] .
For calculation of the solid-state energy of formation (Table 5) of 3 -7, the lattice energy (U L ) and lattice enthalpy (∆H L ) were calculated from the corresponding molecular volumes (obtained from X-ray elucidations) according to the equations provided by Jenkins et al. [35] . With the calculated lattice enthalpy (Table 5) the gas-phase enthalpy of formation was converted into the solid-state (standard conditions) enthalpy of formation. These molar standard enthalpies of formation (∆H m ) were used to calculate the molar solid state energies of formation (∆U m ) according to Eq. 2 (Table 5) :
with ∆n being the change of moles of gaseous components. The detonation parameters were calculated using the program EXPLO5 V5.04 [37] . The program is based on the steady-state model of equilibrium detonation and uses Becker-Kistiakowsky-Wilson's equation of state (BKW E. O. S.) for gaseous detonation products and Cowan-Fickett E. O. S. for solid carbon.
The calculations for 2 -7 were performed using the maximum densities according to the crystal structures. Additionally the explosion performance parameters of the water-free dinitramide were calculated assuming the same density as for the monohydrate. Except for 6 and 7, all calculated heats of formation are positive with values ranging from only slightly positive (4: 4.6 kJ mol −1 ) to more endothermic (2: 76.9 kJ mol −1 ). All calculated values for the heats and energies of formation can be found in Table 5 .
Having a look at the explosive performance parameters shown in Table 6 , the nitrate salt 3 and the dinitramide salt 6 stand out with their very high detonation velocities and pressures of 9551 m s −1 and 427 kbar (3) and 9175 m s −1 and 377 kbar (6) , which are caused by their high densities of 1.91 g cm −3 (3) and 1.85 g cm −3 (6) . The perchlorate salt 4 and dinitramide salt 6 reveal an even positive oxygen balance which is a desirable feature for oxidizers in propellant formulations. Compound 3 is an example of an energetic compound having a balanced oxygen content, which is found very rarely in the literature. Its combustion equation can be formulated ideally to be CH 6 N 6 O 5 → CO 2 + 3 H 2 O + 3 N 2 . Also 2 shows a detonation velocity in the vicinity of 9000 m s −1 which is higher than commonly used RDX.
Valence bond (VB) calculations
In order to elucidate the bonding situation based on valence bond (VB) theory and to determine the most relevant Lewis-type structure(s), various calculations were performed using the VB2000 [version 2.5(R1)] code [39] . The input structure was taken from a fully optimized (within C s symmetry) MP2/aug-cc-pVDZ calculation (NIMAG = 0) where all atoms involved in π bonding (O1, N2, O3, N4, C5, N6, N7) were placed into the xy plane (see Fig. 10 ), and the corresponding seven p z orbitals were used as VB orbitals to accommodate the ten π electrons. In all VB calculations we used strictly localized p z -π orbitals (BRILLMASK function in VB2000). For clarity, the π electrons are shown as dots (·) whereas the σ backbone (HF treatment) is shown as solid bonds (-) (Fig. 10) .
Initially we carried out a CASVB(10,7)/D95 calculation using Dunning/Huzinaga's full double-zeta basis set and invoking resonance between all possible 196 π structures (NOROT option to disable any σ − π mixing). The calculation clearly showed that only the seven structures (I -VII) shown in Fig. 10 contribute significantly to the resonance scheme (Hiberty weights > 0.01) ( Table 7) .
In a subsequent VB(10)/D95 calculation we only included the seven structures I -VII into the resonance scheme (Table 7) . It is apparent that only structures I -III and VI have significant weight, whereas structures IV, V and VII are not significant contributors to the resonance scheme.
The above VB calculations reveal that resonance structures I -III and VI (Fig. 10) Table 7 . VB energies and Hiberty weights for resonance structures I -VII (see Fig. 10 ). vant individual structures for describing the π electron distribution of 2. Whereas the Kekulé-type structures I and III have two π bonds each, the Kekulé-/Dewartype structure II also with two π bonds (one Kekulé-and one Dewar-type bond) is by far the most important individual resonance structure for 2 since it does not carry any formal charge [40] . In addition, we also carried out an NBO analysis [41] and calculated the natural Lewis structure which is shown in Fig. 11 . Taking into account that there is only one strong hyperconjugative interaction (LP (3) O3 → BD*(2) O1-N2) which essentially delocalizes the π bond between O1-N2 and O3-N2, both pictures (VB and NBO) agree with a N4=C5 double bond and a strongly π-bound nitro ( −NO 2 ) unit. It has to be stressed, however, that the natural Lewis structure is not a classical Lewis structure in the London-Heitler picture, and that the resonance structure II (see above) with one long (or Dewar-type) bond accounts best for maximizing the bond order and simultaneously reducing the number of formal charges.
Koenen Test of 1-amino-3-nitroguanidinium nitrate (3)
Due to its cheap and comparatively easy synthesis, 1-amino-3-nitroguanidinium nitrate (3) was investigated reguarding its explosion performance under confinement using a "Koenen test" steel sleeve apparatus [42, 43] . The performance of an explosive can be related to the data obtained from the Koenen test. Also the shipping classification of the substance can be determined, and the degree of venting required to avoid an explosion during processing operations can be evaluated. The explosive is placed in a non-reusable open-ended flanged steel tube, which is locked up with a closing plate with variable orifice (0 -10 mm), through which gaseous decomposition products are vented. A defined volume of 25 mL of the compound is loaded into the flanged steel tube, and a threaded collar is slipped onto the tube from below. The closing plate is fitted over the flanged tube and secured with a nut. The explosion is initiated via thermal ignition using four Bunsen burners, which are lighted simultaneously. The test is completed when either rupture of the tube or no reaction is observed after heating the tube for a time period of at least 5 min. In case of the tube's rupture the fragments are collected and weighed. The reaction is evaluated as an explosion if the tube is destroyed into three or more pieces. The Koenen test was performed with 32.5 g of 1-amino-3-nitroguanidinium nitrate (3) using a closing plate with an orifice of 10 mm. The first trial was successful as indicated by the rupture of the steel tube into approximately 100 pieces, the sizes of which are reaching from 40 mm down to smaller than 1 mm (Fig. 12) . TNT destroys the steel tube up to an orifice width of 6 mm, RDX even up to 8 mm [44] . Compared to these commonly used secondary explosives, the detonation performance of 3 is apparently better, which is already indicated by the calculated performance data.
Conclusion
From the experimental study of energetic materials based on 1-amino-3-nitroguanidine the following conclusions can be drawn: -3-Amino-1-nitroguanidine can be easily prepared by the reaction of 1-nitroguanidine and hydrazine hydrate. -1-Amino-3-nitroguanidine can be protonated using moderate to strong "Brønsted acids" such as nitric acid, hydrochloric acid, perchloric acid, dinitroguanidine, or 5-nitriminotetrazole. -The hydrochloride of 1-amino-3-nitroguanidine can be utilized in metathesis reactions with silver salts of nitrogen/oxygen-rich anions. The metathesis was used for the synthesis of 1-amino-3-nitroguanidinium dinitramide. -The crystal structures of compounds 2 -7 were determined using low-temperature single-crystal Xray diffraction.
-A comprehensive characterization of the physicochemical properties and sensitivities of compounds 2 -7 is given. Promising detonation parameters were calculated especially for 3 compared to common explosives like TNT and RDX. The outstanding performance (calculated values: p CJ = 427 kbar; D = 9551 m s −1 ) qualifies it for further investigations concerning special military applications. Unfortunately the decomposition temperatures of the protonated species are low compared to the free base 1-amino-3-nitroguanidine. This causes major restrictions for the investigated compounds with respect to their application as secondary explosives.
Experimental Section
Caution! ANQ and its salts are highly energetic materials with increased sensitivities towards shock and friction. Therefore, proper safety precautions (safety glass, face shield, earthed equipment and shoes, Kevlar R gloves and ear plugs) have to be applied while synthesizing and handling the described compounds.
All chemicals and solvents were employed as received (Sigma-Aldrich, Fluka, Acros). 1 H and 13 C spectra were recorded using Jeol Eclipse 270, Jeol EX 400 or Jeol Eclipse 400 instruments. The chemical shifts quoted in ppm in the text refer to typical standards such as tetramethylsilane ( 1 H, 13 C) or nitromethane ( 14 N/ 15 N). To determine the melting and decomposition temperatures of the described compounds a Linseis PT 10 DSC (heating rate 5 • C min −1 ) was used. Infrared spectra were measured using a Perkin Elmer Spectrum One FT-IR spectrometer as KBr pellets. Raman spectra were recorded on a Bruker MultiRAM Raman Sample Compartment D418 equipped with an Nd-YAG Laser (1064 nm) and an LN-Ge diode as detector. Mass spectra of the described compounds were measured at a Jeol MStation JMS 700 using FAB technique. To measure elemental analyses, a Netsch STA 429 simultaneous thermal analyzer was employed.
1-Amino-3-nitroguanidine (2)
Commercially available nitroguanidine (25 g, 192 mmol ) is dispended in 250 mL of water, and the mixture is heated to 55 • C. Hydrazine hydrate (10.5 mL, 216 mmol) is added dropwise over a period of 15 min, and the temperature is kept at 55 • C for further 15 min under constant stirring. After the mixture has turned to a clear, orange solution, it is cooled to room temperature in an ice bath, and the reaction is quenched with conc. hydrochloric acid (pH = 7). 1-Amino-3-nitroguanidine starts to precipitate after the solution has been cooled to 4 • C overnight. The product is separated by suction filtration and recrystallized from hot water. Yield: 10. 
1-Amino-3-nitroguanidinium dinitramide monohydrate (6)
10 mmol of silver dinitramide acetonitrile adduct was prepared according to the literature [9] . 1-Amino-3-nitroguanidinium chloride (1.47 g, 9.4 mmol) is dissolved in 10 mL of boiling water. After cooling the solution to about 60 • C, the silver dinitramide acetonitrile adduct, dissolved in 5 mL of acetonitrile is added dropwise to the solution. After complete addition, the mixture is stirred under the exclusion of light at 35 • C for further 2 h. The mixture is cooled to 5 • C in a refrigerator and then filtered. 6 crystallizes from the clear filtrate in colorless blocks. Yield: 1.34 g (5.5 mmol, 59 %).
-DSC (5 • C min −1 ): 66 • C (dehydr.), 108 • C (dec.). -IR
